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ABSTRACT 



Observed decay rates indicate large phase differences among the amphtudes 
for the charge states in D — » Kit and D K*7c but relatively real amplitudes 
in the charge states for D — > Kp. This feature is traced using an SU(3) flavor 
analysis to a sign flip in the contribution of one of the amplitudes contributing 
to the latter processes in comparison with its contribution to the other two 
sets. This amplitude may be regarded as an effect of rescattering and is found 
to be of magnitude comparable to others contributing to charmed particle 
two-body nonleptonic decays. 

PACS codes: 13.25.Ft, 11.30.Hv, 14.40Lb 

I. INTRODUCTION 

The phases of amplitudes in weak two-body nonleptonic decays of heavy mesons are 
of interest in the search for CP violation. Decays of B mesons in many cases are expected 
to receive contributions from more than one weak subprocess. If the corresponding am- 
plitudes also differ in their strong phases one can expect to see CP-violating asymmetries 
lU in i? meson decay rates. The origin and magnitude of such strong phase differences 
has been the subject of much discussion 0, ^. 

The nonleptonic decays of charmed mesons are expected to involve weak amplitudes 
with very similar phases [Q. If decay amplitudes exhibit large phase differences they 
are almost certainly due to strong final-state interactions. Thus these decays can serve 
as a laboratory for the examination of final-state effects. The lower mass of charmed 
particles in comparison with B mesons tends to amplify these effects, which are expected 
to diminish in relative importance with increasing energy. 

One class of charmed meson decays in which final-state interactions can be well- 
probed experimentally is the set of Cabibbo-favored nonleptonic two-body decays gov- 
erned by the subprocess c —>■ sud. By comparing decay rates, one finds that the ampli- 
tudes for the three charge states K^n^ ^ K~7c~^, K'^n^ in D ^ Kn decays cannot all be 

^To be submitted to Phys. Rev. D. 



real with respect to one another 0, ^ 0, A similar conclusion can be drawn both 
from decay rates and from relative phases of Dalitz plot amplitudes for the three charge 
states in D ^ K*tt 0, ||, [1^, |lT|. However, both decay rates and Dalitz plot analyses 
reveal no relative phases between the amplitudes in the three charge states of D ^ Kp. 

In the present paper we examine the source of this apparent difference between 
Kti, K*7i decays on the one hand and Kp decays on the other. We find that effects 
of strong final-state interactions are present in all three decays, but they contribute 
to the various charge states in Kp decays in such a way that the amplitudes are all 
relatively real. This result has some implications for the universality of strong final- 
state-interaction effects. In passing, we note some simple regularities of contributions to 
these processes which can be related to those in semileptonic decays. 

We consider only Cabibbo-favored decays, in order to focus on the comparison 
between Ktc, K*7c, and Kp. The framework we employ is an SU(3) flavor analysis 



T2| , p!3| , |1^] which can be expressed in terms of quark graphs |T^, but whose in- 
terpretation in those terms should not be taken too literally. We assume the following 
contributions: (1) A color-favored "tree" amplitude T, (2) a "color-suppressed" tree am- 
plitude C, (3) an "exchange" amplitude E contributing only to decays, and (4) an 
"annihilation" amplitude A contributing only to Dg decays. The amplitudes T and C do 
not involve the spectator quark, while E and A do. They are most likely parametriza- 
tions of rescattering effects, since when taken literally as short-distance operators their 
calculated magnitudes are too small. 

Many authors have recognized that E and A can have non-zero phases relative 
to T and C. Our result, which distinguishes the present analysis from the previous ones, 
is that T and C appear to differ from one another in phase as well. This phase difference 
appears to be similar (about 150°) in Kn, K*^, and Kp decays. It probably arises as 
a result from rescattering. The E amplitude in decays and the A amplitude in Dg 
decays are found to have large phases with respect to both C and T. We find that if the 
relative contributions of T, C, and E are such as to give large relative phases between 
amplitudes for the three different charge states in D Kn and D K*7i, then these 
phases naturally cancel in D ^ Kp, leaving amplitudes which are real with respect 
to one another. The D —>■ Kp amplitudes do contain contributions from final-state 
interactions, but they are masked by cancelling phases. This has important implications 
if one wishes to ascribe final-state interactions to the proximity of resonances [P, ITsj . 

This paper is organized as follows. In Section II we review the fiavor-SU(3) decom- 
position of amplitudes and introduce notation for invariant amplitudes. We tabulate 
the processes of interest, their decay rates, and their amplitudes in Section III. Then, in 
Section IV, we extract reduced amplitudes from the data, and display pictorially their 
magnitudes and phases. The amplitudes T extracted in this way are compared with 
predictions from factorization and semileptonic decays in Section V. A brief discussion 
of resonant contributions is contained in Section VI. The role of disconnected diagrams 
involving rj and f]' production, which may be important in the decays Dg —>■ p'^ + {rj, rj'), 
is discussed in Section VII, while Section VIII concludes. 
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II. NOTATION 



Our meson wave functions are assumed to liave tlie following quark content, with 
phases chosen so that isospin multiplets contain no relative signs |]T6|, |T9|: 

• Charmed mesons: = —cu, = cd, = cs. 

• Pseudoscalar mesons P: 7r+ = mJ, 7r° = [dd — uu)/\/2^ tx^ = —du, = us, 

= ds, = sd, K~ = —su, rj = (ss — uu — dd) / -\/3, r]' = (uu + dd + 2ss) / a/6. 
(Here we adopt a specific ansatz |jl9[ for octet-singlet mixing in the rj and rj' wave 
functions.) 

• Vector mesons V : p+ = ud, = {dd — uu)/^/2, p~ = —du, cu = {uu + dd)/\/2, 
K*+ = us, K*^ = ds, K*^ = sd, K*- = -su, d) = ss. 



The partial width F for a specific two-body decay to PP is expressed in terms of an 
invariant amplitude A as 

where p* is the center-of-mass (cm.) 3-momentum of each final particle, and M is the 
mass of the decaying particle. The kinematic factor of p* is appropriate for the S-wave 
final state. The amplitude will thus have dimensions of (energy) 

For PV decays a P-wave kinematic factor is appropriate instead, and 

rP-^^) = i^l^r ■ (2) 



Here A' is dimensionless. These conventions agree with those of Chau et al. [|T^]. 

III. DECAY RATES AND AMPLITUDES 

In Tables I and II we summarize the rates, invariant amplitudes, and their fiavor- 
SU(3) representations for decays of charmed mesons to two pseudoscalar mesons and 
to one pseudoscalar and one vector, respectively. The branching ratios are taken from 



the compilation of Ref. |20| except for branching ratios for Dg (vr"'", p+) + {rj, rj') from 
Ref. [^, and are converted to decay rates using charmed particle lifetimes which are 
averages [| of those in Ref. [H and new CLEO values |3: t{D+) = 1051 ± 31 fs, 
r(D°) = 412.7 ± 3.2 fs, r(L)+) = 477 ± 12 fs. 

In Table I the amplitudes T, C, E, and A were described above; in Table II the 
amplitudes are labelled with subscripts which denote the meson containing the spectator 



quark: P for pseudoscalar, V for vector |23 



We omit contributions of disconnected diagrams |g4|, ^ in which rj and r]' exchange 
no quark lines with the rest of the diagram, and couple through their SU(3)-singlet 
components. Such diagrams are apparently important for the understanding of the 
decays B — > Krj' PB|. They will be discussed in Sec. VII. 
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Table 1: Rates and invariant amplitudes for Cabibbo-favored decays of charmed mesons 
to two pseudoscalar mesons. 





Decay 


M 


Rate 


p* 


1^1 


Representation 






(GeV) 


(lO^Vi) 


(MeV) 


(lO-^GeV) 




D+ - 




1.8693 


2.75 ±0.25 


862 


1.36 ±0.06 


C + T 




K-7r+ 


1.8646 


9.33 ±0.23 


861 


2.50 ±0.03 


T + E 








5.14 ±0.51 


860 


1.85 ±0.09 


{C-E)/V2 








1.72 ±0.24 


772 


1.13 ±0.08 


c/Vs 








4.17 ±0.63 


565 


2.06 ±0.16 





D+^K^K+ 1.9685 7.54 ± 3.20 850 2.38 ± 0.36 C + A 



3.63 ±0.99 902 1.61 ±0.22 {T-2A)/^/?, 
7.78 ±2.15 743 2.59 ± 0.36 [2(r±^)]/V6 



Table II: Rates and invariant amplitudes for Cabibbo-favored decays of charmed mesons 
to one pseudoscalar and one vector meson. 



Decay 


M Rate 


P* 


1^' 


Representation 




(GeV) (10i°s-i) 


(MeV) 


(io-«) 






1.8693 1.81 ±0.18 


712 


1.70 ±0.09 


Tv + Cp 




6.28 ±2.38 


680 


3.40 ± 0.64 


Tp + Cv 



D"^ ^ K*-7:+ 1.8646 12.4 ± 0.97 711 4.45 ±0.17 Ty + Ep 

^K-p+ 26.2 ±2.4 678 6.95 ± 0.32 Tp + Ey 

^X*V 7.75 ±0.97 709 3.54 ±0.22 {Cp-Ep)/y/2 

^Kp^ 2.93 ±0.41 676 2.34 ±0.16 (Cy - Eyj/v^ 

^K*^T] 4.60 ± 1.21 580 3.68 ± 0.48 {Cp + Ep - Ey) / V?, 

^K*^i < 0.27 99 < 13 -~{Cp + Ep + 2Ev)/VQ 

K'^LU 5.09 ±0.97 670 3.12 ±0.30 -{Cv + Ev)/y/2 

K^4) 2.08 ±0.24 520 2.92 ± 0.17 -Ep 

^ K*'^K^ 1.9685 6.91 ± 1.89 682 3.74 ±0.51 Cp + Ay 

K^K*+ 9.01 ± 2.93 683 4.26 ± 0.69 Cy + Ap 

^ p+rj 22.5 ±6.5 727 6.13 ±0.89 {Tp - Ap - Ay)/y/3 

p+ri' 21.0 ±6.1 470 11.4 ±1.7 \2Tp + Ap + Av)]/^/6 

^ttV < 0.17 827 <0.44 {Av-Ap)/V2 

^TT+u 0.65 ±0.29 822 0.87 ±0.20 {Ay + Ap)/V2 

^7r+0 7.54 ± 1.89 712 3.66 ± 0.46 Ty 
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IV. REDUCED AMPLITUDES: MAGNITUDES AND PHASES 



Rather than performing a fit, we show what information each amphtude provides, 
and build up a graphical construction of the reduced amplitudes T, C, E, etc., which 
exhibits their relative phases and magnitudes. In this way it is easier to spot regularities. 
We are not greatly concerned with errors on the fitted quantities in the present work, 
since most decays are well-fitted while Dg p^t]' is notably poorly reproduced, as has 
been noted elsewhere |2^, |2^, ^ . 

A. PP decays 

In the limit in which disconnected graphs do not contribute to -D — PP decays, we 
find that |C| is given by the — >■ K'^ amplitude: 

\C\ = V3\A{K^r]) \ = (1-96 ± 0.14) x 10"^ GeV , (3) 

while by taking appropriate combinations of squares of amplitudes for K'^tt^, 
—>■ K^rj, and —>■ K^rj' we can eliminate the C-E interference term to obtain 

1^1 = |i[|^(/?V)|2 + |^(i?V)r] - = (1.60±0.13) X 10-^ GeV . (4) 



The relative phase between C and E is given by 



cos 5, 



CE 



\\A{KS)\'+\A{K'V)\'-1[\A{K%')\' 



/Idl^l = -0.07 ±0.11 , (5) 



or 6cE = (94 ± 6)°. The amplitudes C and E are depicted in Fig. 1, along with a hne 
C - E = V2A{D° ^ K'^tt''). 

Next we use the rates for K^tt'^ and K~tx^ to specify the magnitudes 

of T + C and T + E, respectively. Lines corresponding to these amplitudes form a 
triangle together with C — E in the complex plane, a consquence of the isospin relation 
A{K'n+) + V2^(ir°7r°) = A{K^n+). This triangle can have either of two orientations 
corresponding to reflection about the line corresponding to C — -E. These orientations 
correspond to different values of T. In Fig. 1 we denote the favored orientation by solid 
lines. With this choice, the value of |T| ~ 2.7 x 10~^ GeV is closer to that predicted 
by factorization |T| ~ 2.0 x 10~^ GeV (Sec. V), and \C\ < \T\ as one might expect 
for a color-suppressed amplitude. The other choice, shown by the dashed lines and the 
primed amplitude T', has \C\ > \T'\ ~ 1.1 x 10^^ GeV. The determination of T and T' 
numerically is a simple matter of solving a pair of simultaneous quadratic equations; the 
central values are shown in Table III. In what follows we shall consider only the large- |T| 
solution. 

To test the above construction for consistency (particularly for the validity of the 
assumption that no additional amplitudes are needed to describe decays involving rj and 
Tj') we consider the Dg decays listed in Table I. We can extract the magnitude of the 
"annihilation" amplitude 1^41 from the sum 

\A{n+v)\' + \A{n^v')\' = \T\' + 2\A\' (6) 
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Figure 1: Amplitudes T, C, E contributing to D ^ PP decays. T' denotes an alternate 
(disfavored) solution. 

Table III: Central values for the amplitudes T (large solution) or T' (small solution) 
based on the decays D — > {Kn, Kr], Kr]'). 



Solution 


|r| (10-6 GeV) 


\Set\ 


\^ct\ 


Large T 


2.69 


114° 


152° 


Small T 


1.08 


44° 


138° 



and the value of |Tp from Table 111 to obtain \A\ = 1.01 x lO'^ GeV. 

Using the magnitudes of T — 2A and T + A implied by Table I, we then may solve 
for the phase of A and the corresponding magnitude of C + A. The two solutions are 
shown in Fig. 2 and summarized in Table IV. The solution corresponding to the unprimed 
amplitude A in Fig. 2 agrees with the value |C + y4| = (2.38±0.36) x 10"^ GeV implied in 
Table I by the rate for K^K^ ^ while that corresponding to the primed amplitude 

A' gives too small a value of | C + A' | . 

Aside from an irrelevant sign, it is interesting that the phases of E and A are almost 
identical. This could be a sign of the universal behavior of rescattering contributions 
conjectured in Ref. ||^. The fact that the magnitudes are not too different from one 
another is interesting, but we do not have a ready explanation for it at the moment. 

So far we have merely shown that there is a consistent solution for the amplitudes in 
Cabibbo-favored decays of charmed mesons to PP. The one test of this consistency is the 
agreement of the predicted rate for K^K^ when one of the discrete solutions for 

amplitudes is chosen. The comparison of this set of amplitudes with ones contributing to 
Cabibbo-favored PV decays, however, suggests that the solution may have some validity. 
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A 



Figure 2: Amplitudes T, C, E, A contributing to D ^ PP decays. A' denotes an 
alternate (disfavored) solution. 



Table IV: Parameters of the solutions for A. 



Solution 


\5ae\ 


\C + A\ (10-6 GeV) 


Favored 


175° 


2.35 


Disfavored 


36° 


1.38 



B. PV decays 

The magnitudes of Ty and Ep are given by the Ds Ti^cj) and —>■ K^cf) ampli- 
tudes, respectively: 

\Ty\ = |^'(7r+0)| = (3.66 ± 0.46) x 10"^ , 

\Ep\ = |^'(i^V)| = (2.92 ± 0.17) X 10-^ , (7) 
The relative phase of Ty and Ep is given by 

cos{SEp,Ty) = [\A'{K*-TT+)\'' - |^'(7r+</.)|2 - |^'(i?V)|2] /2\Tv\\Ep\ = -0.10 ± 0.18 , 

(8) 

or Sep,Tv = (96 ± 10)°. The amplitudes Ty and Ep are shown in Fig. 3, along with the 
line Ty + Ep = A'{{K*'tt~^). We neglect disconnected graphs involving u and since, 



in contrast to rj and rj', these seem to satisfy the Okubo-Zweig-Iizuka (OZI) rule ||28 
well in a wide variety of processes. 
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Figure 3: Amplitudes Ty, Cp, Ep contributing to D — > PV decays. C'p denotes an 
alternate (disfavored) solution. 

Table V: Central values for the amplitudes Cp (favored solution) or C'p (disfavored 
solution) based on the decays D — * {K*tt, K^cf)) and Ti^ip. 



Solution 


\Cp\ (10-6) 


\^Cp,Ep\ \^Cp,Tv\ 


Favored 


3.11 


112° 152° 


Disfavored 


5.08 


72° 168° 



The rates for — ^ K*^t{^ and — >■ ^*°7r° then specify the magnitudes of Ty + 
Cp and Cp — Ep, leading to two possible solutions. In one solution, \Cp\ < \Ty\, as 
expected for a color-suppressed amplitude, while in the other, \C'p\ > \Tv\, which we 
regard as disfavored. The favored solution is denoted by solid lines in Fig. 3, while the 
disfavored solution is denoted by dashed lines. The two solutions are compared in Table 
V. Note that for the favored solution, the relative phase of the color-suppressed and tree 
amplitudes is exactly the same (152°) as in the D PP case analyzed above. 

A further set of amplitudes may be specified if one is willing to assume that Ey = 
—Ep. This assumption is reasonable if the E amplitude is dominated by a quark- 
antiquark intermediate state, since it is then a consequence of charge-conjugation invari- 
ance. It is equivalent to the assumption made by Lipkin in discussing the relative 
penguin contributions to i? — >■ K*ri and B — >■ K*rj' decays. One can then construct a 
set of amplitudes based on the decays D —> {Kp, Kuj, Kef)). 

One first notes that the D —>■ Kp amplitudes barely satisfy the isospin triangle 
relation A'{K^p'^) = A'{K-p+) + ^/2A'{K^p^). We perform a fit in which the 
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Tp + Cv 



Z ^ V 

Figure 4: Amplitudes Tp, Cy, contributing to — > K{p,uj, (f)) decays. 



amplitudes are relatively real and find the best fit when 

\A'{K°p+) I = 3.57 X 10"^ , \A'{K-p+) \ = 6.90 x lO^^ , |^'(i^V°) I = 3.33 x lO^^ , 

(9) 

which correspond to minor displacements from the central values in Table II. We conse- 
quently shift those central values while maintaining the experimental errors. 

By combining the squared amplitudes for D'^ — > K^p^ and p^uo we then obtain 

|Eyp + |Cyp = (15.28 ± 2.01) X 10"^^, and recalling our assumption that Ey = —Ep, 
with \Ep\^ = (8.51 ± 0.98) x 10"^^ we have 



Furthermore, 



cos 



Cv,Ev 



= 2.60 ±0.43 . (10) 



|>l'(i?°c^)|2-|>l'(i?V°)|'l/2|Cy||£;y| = 0.28±0.14 , (11) 



or Scv,Ev — (74 ± 8)°. The amplitudes Ey, Cy, and Cy — Ey are shown in Fig. 4. 

Since the best fit to D — > Kp decays is obtained when all three amplitudes are 
relatively real, we use the fact that Arg(Tp + Ey) = Arg(i?y — Cy) ~ 49° to construct 
the amplitudes Tp + Ey, Tp + Cy, and Tp. The results are: 

|Tp| = 5.44 X 10-« , 5Ey,T,^ 72° , 5^^,^^ = 148° . (12) 

The relative phase of the color-suppressed and tree amplitudes is very similar to that in 
the two previous constructions, as one sees from Fig. 4. 

The shape of Fig. 4 is very different from that of the two previous figures. The fact 
that the Kp amplitudes are in phase with one another appears to be the consequence 
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of the sign flip of Ey relative to Ep or E. This would not have had such a noticeable 
effect were it not for the fact that, at least in our fits, the tree and color-suppressed 
amplitudes all possess a relative phase of about 150°. 

One more test of the assumption Ey = —Ep is passed at about the la level. The 
amplitude for K*^ri is predicted to be A!{K*^ri) = {Cp + 2Ep)/y/3 and, as 

a consequence of the amplitudes determined above, is predicted to have magnitude 
\A'{K*^7])\ = 3.17 X 10~®. This is in satisfactory agreement with the experimental 
value \A'{K*°r])\ = (3.68 ± 0.48) x 10"^ The amplitude for L)° ir*°r/' is predicted 
to be A'iK*'^7]) = -{Cp - Ep)/V6 = -A'iK*%^)/VS with magnitude \A'iK*^r])\ = 
(2.04 ± 0.13) X 10~^, much smaller than the current experimental upper bound. 

C. Comments on final-state interactions 

The conclusion of the fits to Cabibbo-favored D PP and D PV amplitudes is 
that final-state interactions (parametrized by large E and A contributions) are important 
in all final states, including the D ^ Kp decays where the amplitudes for the three 
charge states are all in phase with one another. The presence of large final-state phases 
in the Kp case is masked by the cancellation of contributions between the "exchange" 
amplitude and the "color-suppressed" amplitude. This cancellation arises in Kp decays 
and not in K*tt decays as a result of a sign flip in the "exchange" amplitude contribution, 
which is just due to the charge-conjugation invariance of the strong coupling. 

V. FACTORIZATION COMPARISONS 



We compare the values of T, T^, and Tp obtained above with values extracted using 
the factorization assumption ||30|, ^ ^ and the spectra dT{D — > K^*H'^ui) / dq^ , 
where q = pe + Pur For simplicity we use the limit of heavy-quark effective theory and 
expressions derived in Ref. |3^. No QCD corrections will be applied. We shall neglect 
the pion mass. 

A. Ktt decays 

We use the relation |^| 

T{D ^ Ktt+)t 



dT{D Ki+iye)/dq%2._ 



evr^'lK^r = 0.98 GeV^ 



(13) 



where the subscript denotes the contribution of the T amplitude to the Kn^ decay, 
excluding C in K^tt~^ or E in K'n^ (see Table I). Here = 132 MeV. A recent 
spectrum for K~ p^v^ has been published by the Fermilab E687 Collaboration 

3^ . Reading from their graph, we estimate 



dq^ 



0.76 ± 0.09 GeV" 



(14) 
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Furthermore, E687 quotes 



^ ^ = 0.852 ± 0.034 ± 0.028 . (15) 



r(L)0 ^ K-T^^) 

Putting these pieces together, we predict 

Y{D Ktt+)t 
r(DO ^ K-n+] 



0.63 ±0.08 , (16) 



or T{D K7r+)T = (5.9±0.8) x 10^° s-\ entaihng |T| = (1.99±0.13) x 10"^ GeV. This 
is to be compared with the result \T\ = 2.69 x 10~^ GeV obtained in the fit of Section 
IV: |Tfit/Tfact| — 1.35. This is well within expectations of what QCD corrections might 
provide. One must be careful in applying such corrections in the present approach, 
however, since they will mix operators of the type T, C, and E. Our description is 
purely a long-distance one. A more complete treatment would probably involve a hybrid 
between short- and long-distance effects. 

B. K*n decays 

In the heavy-quark limit, one expects r{D K*tt'^)t = T{D Ktx^)t and near 
g2 = dV{D K*i+iye)/dq^ = dT{D Ki+iyi)/dq\ In this limit the K* in the 
semileptonic process is longitudinally polarized. Here we have used Eqs. (9), (11), and 
(14) of Ref. ||3[. Thus we predict T{D K*tt+)t = (5.9 ± 0.8) x 10^° s-\ or, with 
the kinematic factors of Table I, \Tv\ = (3.08 ± 0.21) x 10~^. Recall that iTy^fitl = 
(3.66±0.46) X 10-^ where the error can be easily assigned since this quantity is obtained 
from the decay Ds — >■ TT~^(j). Then \Tvfit/Tv,ia.ct\ = 1-19 ± 0.17. 

C. Kp decays 

A similar approach to D ^ Kp decays utilizes the semileptonic spectrum of Fermilab 



E687 g with 

1 dT{D^ K-p+u^ 



r(DO ^ K-p+p^) dq^ 



0.74 ± 0.09 GeV-2 (17) 



read from the graph, and f^, fp c:^ v^/tt |@ in Eq- (P^, with the result T{D ^ 
Kp)t = (12.1 ± 1.6) X 10^° s-\ implying \Tp\ = (4.7 ± 0.3) x 10"^ The fit in Section 
IV gave \Tp\ = 5.44 x 10~^ so here we have |Tp,fit/Tp,fact| ^ 1.15. 

D. Summary of factorization results 

We compare the results for |T|, \Tv\, and \Tp\ obtained from the fits of Sec. IV and 
those obtained via factorization in Table VI. All told, the agreement with factorization 
for the "tree" amplitudes in D ^ Ktc, K*7i, Kp decays is satisfactory. 
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Table VI: Comparison of results for "tree" amplitudes obtained from fits to data and 
using factorization. 



Method 


|T| 


\Tv\ 


\Tp\ 




(10-*^ GeV) 




(10-6) 


Fit 


2.69^^ 


3.66 ± 0.46 


5.44" 


Fact. 


1.99 ±0.13 


3.08 ±0.21 


4.7 ±0.3 


Fit /Fact. 


1.35" 


1.19 ± 1.17 


1.15" 



" Central value only. Error on fitted amplitude was not determined. 



VI. RESONANT INTERPRETATIONS 

We have found two relative phases in the present sets of fits: those between C 
and T, and those between E and T (or C) amplitudes. A resonant interpretation of 
the C-T relative phases is not possible; we ascribe these phases rather to rescattering, 
most likely from the T channel to the C channel rather than vice versa in view of the 
color-suppression of the weak amplitude for the latter. Thus, it will make most sense to 
examine the relative phase between E (or A) and T amplitudes in terms of contributions 
of possible direct-channel resonances. 

A. PP decays 

A resonance contributing to the E amplitude in D —>■ Kit decays must have spin- 
parity = 0'^. Such a resonance has been seen by the LASS Collaboration |3^ with a 
mass of M = 1945 ±10 ±20 MeV/c^ and a width of F = 201 ±34 ±79 MeV. [A reanalysis 
36| in a T-matrix formalism quotes M = 1820 ± 40 MeV/c^ and F = 250 ± 100 MeV.] 

In Fig. 1 and Table III we found the relative T-E phase to be 114°. This would 
indicate that Md was not far from a Breit-Wigner peak. If we regard the E amplitude 
as "fed" by rescattering from the elastic K'lr'^ channel, we should take T to be real and 
positive and E to have a positive imaginary part, in which case we should parametrize 
the propagator for a resonance with mass M/j and width Tp as 

. , 1 Mr - M + iTR/2 , , 



M^-M-^F^/2 (M - Mr)2 + (r^/2)2 ' ^ > 

Then we would expect resonance dominance to give Fij/[2(Mij — M^)] = tan"^ ±114° = 
—2.3. This supports the claim that Mr < M^ and is compatible with the resonant 
parameters found in that analysis. 

The A amplitude seems to have a phase very close to that of E. No suitable 1 = 1 
resonance near Md, with = 0+ appears in the most recent compilation pO[| . 



B. PV decays 

A resonance contributing to D ^ K*tt or D Kp decays must have = 0^. 
Normally one would expect such a resonance to have equal and opposite couplings to 
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K*^7T^ and K^p^ channels, by charge-conjugation invariance. (In SU(3) language, one 
expects F-type coupling of the resonance octet to the two final octets.) 

The sign of the resonant contribution is less obvious in this case since we expect 
rescattering to be fed by both the K*~'n'~^ and K~ channels. We use the result 
\Tp\ > \Tv\, found both in our fits and in a factorization calculation (cf. Table VI) to 
argue that the dominant channel from which rescattering occurs is K~p~^. In that case 
it is the Kp channel for which the sign in Eq. (|T8D applies. 

In Sec. IV B and Fig. 4, we found \Sev,Tp\ = 72° for the Kp channels. Since we 
expect Ep = —Ey and no relative phase between Tp and Ty, we then predict \Aep,Tv I = 
71" — I^E^/.Tpl = 108°, which is marginally consistent with the value \Sev,Tp\ = (96 ± 10)° 
found in Sec. IV B. 

One then expects Tr/[2{Mr - Md)] = tan 72° = 3.1, or Mr > Md- A 0" resonance 
is seen in the vicinity of M^y, but it is around 1830 MeV/c^ and only its decay to 
K~(j) has been reported. If a resonant interpretation of the amplitudes Ep and Ey is 
correct, and these amplitudes are generated mainly by rescattering from the dominant 
K~ p^ process, we expect there to exist a 0~ resonance slightly above Md, whose width 
should be about 6 times the Mr — Md difference, decaying to K*tt and Kp, with equal 
partial widths aside from small phase space corrections. 

VII. AMPLITUDES NOT FITTED 



A group of amplitudes in Table II containing the contributions of and Ay has 



not been fitted. As has been noted in Refs. p^, |2^, and the decay Ds p'^rj' 
cannot be fitted without the introduction of additional contributions from disconnected 
diagrams involving the fiavor-SU (3) -singlet component of the rj', which will also affect rj 
production to a small degree. Such a component was anticipated to be important in the 
decays B Krj' [|I9|, as has been borne out experimentally [0 and widely discussed 
theoretically |3^. As we have seen above, this component was not needed to fit any 
of the other decays involving rj and rj', but its possible presence could cast some doubt 
on the conclusions regarding the amplitude A in PP decays, as well as the parameters 
we have determined in Figs. 3 and 4 and Table V. Let us first recapitulate the tests for 
these parameters presented earlier. 

The value of A determined in Sec. IV was found to be consistent with the decay 
Dg — >■ K^K^ . The parameters of Fig. 3 and Table V were found to be consistent with 
the rate for —>■ K*^ri and with factorization. (We do not count the prediction for the 
very small rate for K*^-)]' as much of a test since it relies mainly on the very small 

available phase space.) The parameters of Fig. 4 were consistent with factorization. It is 
possible that by appeal to Cabibbo-forbidden decays and liberal use of (possibly broken) 
fiavor-SU(3) one could glean additional information, but that is beyond the scope of the 
present paper. 

To see the nature of the problem, we compare 

\A'{p+r])\^ + |^'(pV)I' = \Tp\^ + h^pf + \Ayf] = (167 ± 39) x 10"^' (19) 
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with 



0.42 X 10'^2 < |^'(7r+p°)p + \A'{Tr+u)\^ = \Ap\'' + \Av\^ < 1.34 x 10"^' (20) 

[using the upper bound on r(7r+p°) and the la bounds on r(7r+u;)] to conclude that 
\Tp\ > 11.3 X 10^®, to be compared with the fitted value of 5.4 x 10~^. At the same 
time, if we omit the p'^rj' decay from the fit, we find no difficulty in constructing a set 
of amplitudes fitting the rates for Ds {K*^K~^ , K^K*^ ,it~^uj) and the upper limit 
for Dg — i> p^i though the absence of a measurement for this last process prevents 
us from specifying the parameters. Since we already have information on Cp and Cy 
(including their relative phase, which is small), we need both magnitudes and phases for 
Ap and Ay- Without four measured decay rates or some additional assumption, such 
information is unavailable. 

In view of the upper bound (|20D on the contribution of the annihilation amplitudes, 
one might have expected the p^rj and p^rj' rates to be dominated by the Tp amplitude. 



However, comparing the CLEO measurement [|2T 



with the corresponding ratio of semileptonic branching ratios ^ 



0.93 ±0.19 (21) 



0.35 ±0.09 ±0.07 , (22) 



there must be an additional contribution which is particularly important for the decay 
p^rj' . Such a contribution would be provided by a disconnected quark diagram. 

One might be tempted to ascribe Ap and Ay to the contribution of a qq resonance. 
However, such an interpretation would entail the relation Ap ± Ay = (since there is 
no / = 1 gg 0"^ resonance which can couple to ir^uj). This would run counter to the 
observation of Dg tt+cj and would entail very small values of both Ap and Ay, leading 
to difficulty in fitting the K^K*^ rate. It is more likely that Ap and Ay have a relative 
phase less than n/2 with respect to each other and with respect to Cp and Cy. 

We are left with the possibility that disconnected graphs play a role in the decay 
Dg — > p'^f]'- The remaining processes seem to be described satisfactorily without such 



contributions but some of them will be affected when they are included. In such a 
case, however, one cannot specify the parameters of the fits without additional assump- 
tions. 



VIII. SUMMARY AND DISCUSSION 

The apparent puzzle of large relative phases between D — > Kit and D — »• K*?; ampli- 
tudes but relatively real D Kp amplitudes has been explained. Amplitudes with large 
final-state phases are present in all three classes of decays, but their effects are masked 
by accidental cancellations in the D Kp case. The reason that this cancellation can 
occur is that there are two types of amplitudes which can have phases relative to the 
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"tree" process T: Both the color-suppressed amphtudes C and the exchange amphtudes 
E (or annihilation amplitudes A) have such phases. 

The relative phases between C and T amplitudes seem to be about 150° in all three 
sets of processes. These presumably arise from a rescattering process in which the C 
amplitudes are fed by T contributions. A sign flip in the E amplitude is responsible for 
the difference between K*t[ and Kp behavior. 

The present fit implies tree amplitudes T which are fairly close to those obtained from 
semileptonic D decays and factorization, and fits data for such processes as Ds — > K^K^ 
and K*^ri without additional parameters. In company with a number of other 

approaches, it fails to fit the decay Ds — >■ since disconnected diagrams involving 

the fiavor-SU(3)-singlet component of the ry' have not been taken into account. These 
are expected to also play a (much smaller) role in the decay Dg P^Vi S'^d possibly in 
other processes involving rj and rj' as well. 

One might be tempted to draw conclusions about final-state effects in weak decays of 
hadrons lighter or heavier than Z)'s from the above results. In the case of charmed mesons 
one sees that the amplitudes A and E are of comparable magnitude to tree amplitudes 
T and their color-suppressed versions C. This approximate equality is probably a way 
to understand why different charmed particles differ in lifetimes by factors of a few, e.g., 
t{D^) I t{D^) ~ 2.5. (Short-distance discussions of these differences provide illuminating 
and probably complementary insights In K ^ 27r decays one can ascribe at least 

part of the 20-fold enhancement of the / = amplitude with respect to the 1 = 2 
amphtude to such effects. Thus, as the mass of the decaying particle increases by a 
factor of 3, the effects of the final-state interactions seem to decrease (in amplitude) by 
roughly a factor of 10. If this trend is extrapolated to B particles, one would expect 
final-state-interaction amplitudes to be suppressed with respect to "tree" processes by 
the same factor of 10. If they have large phases with respect to the tree processes they 
will not show up in lifetime differences at present levels of sensitivity, while in certain 
cases (e.g., Af, decays) they might be in phase with tree amplitudes and could give rise to 
effects in the 10-20% range, perhaps accounting for the observed ratio t{Ai,)/t{B) ~ 0.8 
in contrast to less successful attempts Q based purely on short-distance arguments. 

Final-state interaction effects also might lead to contributions interfering with am- 
plitudes such as the penguin amplitude assumed to dominate B'^ K^tt^ decays. 



Elsewhere ||T6|, ^ we have speculated that amplitudes which involve the spectator 
quark (such as E and A) would be suppressed relative to amplitudes not involving the 
spectator (such as T) in decays of mesons M by a factor of /m/Mm, where /m is the 
decay constant of the corresponding meson. This hierarchy does not appear to be re- 
spected in the present example of charmed particles, where we find \E\ = 0{\T\) but 
Jd/Md ^ (200 MeV)/(1.9 GeV) - 0.1. If, however, final-state effects fall off roughly 
as 1/M|,j they will lead to values of \E/T\ and |A/T| closer to (but still in excess of) 
/b/Mb ~ (200 MeV)/(5 GeV) ~ 0.04. 

The present description has been a purely long-distance one. It could probably be 
adapted to a hybrid treatment of both short- and long-distance effects, reminiscent of 
that taken by Ciuchini et al. to describe the enhancement of "charming penguin" 
amplitudes in B decays. Purely short- distance descriptions of the matrix elements of 
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penguin operators fall short of those needed to explain a number of B ^ Kir processes, 
particularly in such processes as — > K'^u |^ in which the spectator quark ends up 



in a vector meson [^]. The purely short- distance approach to final-state phases in- 
volves calculations of imaginary parts at the quark level, which could well underestimate 
the importance of such effects even at masses as high as a few GeV/c^. 
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